Selective Forces Controlling Mating System
One major disadvantage and two advantages are usually invoked to explain the evolution of plant mating system. Inbreeding depression is the main factor preventing transitions to selfing on the population scale. Although reproductive assurance and transmission advantage do not comprise an exhaustive list of the advantages of selfing, each is the basis of one of the two most popular competing hypotheses for the evolution of increased selfing. The reproductive assurance hypothesis attributes the advantage of selfing to the ability to reproduce when pollinators or mates limit reproduction. The transmission advantage hypothesis explains the success of selfing as an outcome of the outsize genetic contribution that selfers make to the next generation.
Inbreeding Depression
Inbreeding depression is one manifestation of genetic load, the degree to which individuals fall short of the fittest possible genotype. In an outbred, genetically diverse population, there is a genetic load because even if a perfect genotype could be constructed from the standing genetic variants, no individual will actually possess it. In the common case that inbreeding decreases fitness, inbreeding depression is defined as the difference in fitness of an average inbred offspring from the average (imperfect) outcrossed offspring in a population. When used without qualification, inbreeding depression usually refers to population level inbreeding depression; however, individual lineages within a population may suffer more or less family-level inbreeding depression than others (Kelly 2005) . Inbreeding depression summarizes all consistent fitness differences between inbred and outcrossed progeny, regardless of how these fitness differences manifest (e.g., increased seedling mortality, decreased adult fecundity, or reduced vegetative growth). Although inbreeding depression in plants has long been recognized (Knight 1799), Darwin 1876 is the first work to explain its relation to natural selection. Darwin's argument has since become a central principle in mating system evolution: when inbred progeny are less fit, selection should act to minimize inbreeding. After
Reproductive Assurance
If inbred offspring are generally less fit than outcrossed offspring, then it is surprising that predominantly self-fertilizing taxa exist at all. Darwin 1877 provides one of the first attempts to reconcile the existence of selfing taxa with selection against inbreeding. Darwin hypothesizes that predominantly selfing taxa arise when selection for the ability to reproduce without pollinators or mates overcomes selection against inbreeding. This is the reproductive assurance hypothesis for the transition to self-fertilization. Field studies and experiments find pervasive evidence of reproductive assurance. Piper, et al. 1986 shows that pollen limitation is at least partly responsible for the inferior fecundity of highly outcrossing morphs of primrose. Moeller and Geber 2005 finds that Clarkia xantiana individuals with weak morphological barriers to self-fertilization show greater seed set than others in conditions adverse to cross-pollination, and Kalisz and Vogler 2003 detects reproductive assurance in Collinsia verna.
Darwin, Charles. 1877. The various contrivances by which orchids are fertilized by insects. 2d ed. London: John Murray.
Darwin's concluding remarks on floral adaptations for cross-fertilization contain one of the earliest statements of the reproductive assurance hypothesis. Self-fertilizing plant taxa are explained as the result of selection having favored selfing when pollinators were rare or absent. This three-year study on wild populations of Collinsia verna in Pennsylvania uses combinations of experimental treatments (pollinator exclusion, emasculation, and hand-pollination) to disentangle causes of failure to set fruit. It illustrates the degree to which pollinator success and reproductive assurance can vary among organisms and through time and space. The authors of this experimental field study estimate the effect of population size and isolation on fitness of phenotypes predisposed to outcrossing or selfing. This study stands out because it establishes a basis for selection rather than merely showing that selection could have produced extant patterns.
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Piper, John G., Brian Charlesworth, and Deborah Charlesworth. 1986. Breeding system evolution in Primula vulgaris and the role of reproductive assurance. Heredity 56:207-217.
This field study finds that outcrossing phenotypes do show pollen limitation compared to selfing phenotypes. Primroses are a model for the breakdown of an outcrossing phenotype in natural populations, and this study helps to establish that reproductive assurance is a major advantage of this breakdown.
Transmission Advantage
The other major hypothesized advantage of selfing is the transmission advantage proposed by Fisher 1941. In a self-fertilization event, an organism passes down two copies of each chromosome, whereas in an outcrossing event it only passes down one copy of each. Therefore, an allele that increases self-fertilization will spread through a population even if it confers no fitness benefit to the organism. Crosby 1949 shows how transmission advantage could explain transitions to a highly selfing condition in primrose. As Kimura 1959 first shows, alleles that increase selfing will, in fact, spread by transmission advantage even if selfing is deleterious, provided that inbreeding depression is less than one-half (i.e., offspring from outcrossing are no more than twice as fit as offspring from selfing). Holsinger 1988 shows that selfing can actually be favored below this threshold if there is genetic variation in inbreeding depression. The distinction between population and family level inbreeding depression (see Inbreeding Depression) partly explains this discrepancy; Kimura's model implicitly assumes zero variance in family-level inbreeding depression. Transmission advantage and reproductive assurance (see Pollination Biology, Pollen Discounting, and Seed Discounting
The specifics of how selfing is accomplished may affect the outcome of mating system evolution. If characters that increase selfing also limit the ability to pollinate other plants, then selfers' transmission advantage may be counteracted by reduced success as a pollen parent (see Transmission Advantage). This disadvantage, now called pollen discounting, was first modeled in Nagylaki 1976 as an addition to Fisher's transmission advantage model (see Fisher 1941, cited under Transmission Advantage) . Charlesworth 1980 shows that if pollen discounting is greater than zero, inbreeding depression must be even lower than one-half in order for selection to favor an increased selfing rate. Harder and Barrett 1995 explains how pollen discounting could favor morphological and phenological adaptations that reduce selfpollination even when they seem redundant with molecular self-incompatibility (see Outcrossing Mechanisms). Analogous to pollen discounting, the idea of seed discounting is first described by Lloyd 1992. To a parental plant, inbreeding depression is only disadvantageous to the extent that inferior selfed seeds replace, rather than supplement, superior outcrossed seeds (see Inbreeding Depression). Seed discounting is the amount of potential outcrossed seeds sacrificed by a trait that increases selfing. Herlihy and Eckert 2002 uses emasculation experiments on Aquilegia canadensis to provide the first empirical demonstration of seed discounting. The theoretical outcome also depends on how selfing behavior is modeled. Holsinger 1991 models the selfing rate as a function that depends on pollen receipt from other plants instead of being intrinsic to each genotype and finds intermediate equilibria. Lloyd 1979 finds that the conditions under which selfing is favored critically depend on the timing of selfing relative to outcrossing, which the author terms the "mode of selfing." Kalisz, et al. 2004 demonstrates that Collinsia verna achieves reproductive assurance through the delayed mode of selfing when pollinators fail (see Reproductive Assurance). This theoretical study demonstrates the disadvantages of biparental sex relative to asexuality and self-fertilization. In the self-fertilization model, Charlesworth modifies the pollen discounting model of Nagylaki 1976 to include inbreeding depression. Together, pollen discounting and inbreeding depression restrict the parameter space in which selfing is favored more than either factor alone restricts it.
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Harder, Lawrence D., and Spencer C. H. Barrett. 1995. Mating cost of large floral displays in hermaphrodite plants. Nature 373:512-515.
The authors show experimentally that large floral displays are associated with increased pollen discounting in Eichhornia paniculata. They propose that some traits normally thought to be adaptations to reduce selfing actually might have been selected because they reduce pollen discounting. This would resolve the paradox of why such traits are present even in self-incompatible taxa (see Outcrossing Mechanisms), in which they would seem to be redundant. This field study of Aquilegia canadensis shows that self-fertilization increases seed set through reproductive assurance (see Reproductive Assurance), but it also decreases the proportion of ovules that are cross-fertilized (i.e., it causes seed discounting). Because both the most selfing and least selfing populations enjoy similar reproductive assurance, it remains a paradox that selection has not decreased the selfing rate.
Holsinger, Kent E. 1991. Mass-action models of plant mating systems: The evolutionary stability of mixed mating systems. American Naturalist 138:606-622.
Rather than choosing a selfing rate as a population-level parameter, this model uses the actual pollen receipt from neighbors to predict the evolution of the pollen export rate. Two possible outcomes are of special interest: alleles increasing pollen export can invade highly selfing populations, and stable intermediate selfing rates can occur as long as self-pollination leads to fertilization more often than cross-pollination does. This theoretical study represents a step toward more biologically realistic models of the evolution of mating system. It distinguishes prior, competing, and delayed modes of selfing depending on timing relative to outcrossing. Previous models assumed competing selfing. This model incorporates an unusually extensive list of the advantages and disadvantages of selfing, including the novel concept of seed discounting. Selfing of ovules may create inferior offspring, but it is only disadvantageous to the parent if it also reduces the number of superior outcrossed offspring. This modification of the model proposed by Fisher 1941 (cited under Transmission Advantage) is the first to account for an inferior ability of highly selfing organisms to sire offspring through cross-pollination, a consideration now called pollen discounting.
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Purging
Simple models assume that inbreeding depression is a constant population-level parameter that decreases the fitness of all inbred progeny irrespective of their genotypes. Maynard Smith 1977 designs the first model in which inbreeding depression changes with multiple generations of selfing, and the author considers the possibility that it may eventually decrease. However, in this model, inbreeding depression varies arbitrarily through time instead of explicitly reflecting the action of selection. In the most important modification of the transmission advantage hypothesis (see Transmission Advantage), Lande and Schemske 1985 models the interaction of transmission advantage and an evolving inbreeding depression. Once deleterious recessives are united, selection will remove them from the population and decrease future inbreeding depression. This process is called purging. A historical episode of inbreeding or a population bottleneck can therefore increase homozygosity, purge inbreeding depression, and favor the evolution of even more inbreeding in a positive feedback loop. Several comparative and experimental studies support the claim that inbreeding causes purging. Barrett and Charlesworth 1991 empirically demonstrates purging by temporarily inbreeding historically outbred populations of Eichhornia. In a phylogenetically broad survey, Husband and Schemske 1996 finds that predominantly inbreeding populations suffer less inbreeding depression at the seed stage than outcrossing populations. However, purging should be ineffective on partially dominant or weakly deleterious components of the genetic load. Willis 1999 detects purging of strongly deleterious alleles in Mimulus, but the author finds only a minor effect on overall inbreeding depression. This is consistent with only a small role for strongly deleterious alleles in inbreeding depression. Additionally, several reviews do not favor a general purging effect of inbreeding. Byers and Waller 1999 finds that purging occurs occasionally, but not at all consistently. Winn, et al. 2011 does find evidence of purging in predominantly selfing taxa and populations, but not in those with intermediate selfing rates. This is contrary to the scenario of runaway selection described by Lande and Schemske 1985. This review of empirical studies that tested purging provides a necessary caution against overgeneralizing the phenomenon of purging. Although there have been repeated demonstrations of purging, the authors find that these studies are in the minority compared to those that fail to show it.
Husband, Brian C., and Douglas W. Schemske. 1996. Evolution of the magnitude and timing of inbreeding depression in plants. Evolution 50:54-70.
This review combines inbreeding depression and selfing rate data for fifty-four plant species to determine the effect of purging on inbreeding depression in different life stages. The authors argue that purging is common and occurs mostly in early stages of life history. This article helps to place purging in the context of the actual traits under selection, rather than an abstract fitness value. This theoretical paper is the first thorough treatment of the way in which purging of inbreeding depression can affect the ultimate outcome of mating system evolution in a population. The authors show that purging acts as a positive feedback loop that can favor selfing even in populations with initially great inbreeding depression. This theoretical work covers models of mating, breeding, and sexual system evolution (see Outcrossing Mechanisms). The selfing model is the first to include an inbreeding that can change over generations, although it uses arbitrary fitnesses as parameters rather than modeling the evolution of inbreeding depression itself. This greenhouse study on Mimulus differs from others of its kind in that Willis controls for greenhouse adaptation by measuring the change in inbreeding depression rather than overall fitness. The author finds only a small role for purgeable, strongly deleterious alleles in inbreeding depression. Most theoretical models predict that even moderate selfing rates will purge inbreeding depression substantially. This review of empirical estimates of inbreeding depression contradicts this prediction and shows that intermediate selfing rates are associated with inbreeding depression levels similar to those of predominant outcrossers.
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Outcrossing Mechanisms
It is important to distinguish mating system from the related concepts of breeding and sexual system, although the terminology is not entirely standardized. Breeding system is defined as the characters that control which particular matings occur. Sexual system is defined as the division of male and female function among individuals. Mating system essentially describes the randomness of matings. Many morphological, phenological, and biochemical aspects of breeding and sexual systems also have a large effect on mating system. These may fairly be called "outcrossing mechanisms" because they currently prevent a fraction of potential self-pollinations or self-fertilizations. However, selection to avoid inbreeding may or may not have been their ultimate cause. One of the most extreme outcrossing mechanisms is dioecy, the sexual system in which each plant functions only as a pollen parent or as an ovule parent. Responding to arguments that dioecy could have evolved purely as a pollination or dispersal adaptation, Thomson and Barrett 1981 argue that dioecy evolved by selection against inbreeding. Dichogamy and herkogamy-respectively, the temporal and spatial separation of mature anthers and stigmas -are common among angiosperms. Lloyd and Webb 1986 and Webb and Lloyd 1986 argue that dichogamy and herkogamy are selected because they reduce mechanical interference between anthers and stigmas rather than because they reduce selfing. Self-incompatibility (SI) is the set of molecular mechanisms that reject self-pollen when it is received. It is controlled the S-locus, at which negative frequencydependent selection maintains many S-alleles at equal frequencies (Wright 1939) . SI systems are classified as gametophytic (GSI) if the pollen's phenotype is determined by its own haploid genotype, or sporophytic (SSI) if it is determined by the genotype of its diploid parent. Whereas morphological outcrossing mechanisms have many independent origins in distantly related taxa, some SI systems shared among taxonomic families may be ancient homologies. Whitehouse 1950 even proposes the radical hypothesis that SI is ancestral to all flowering plants and that it is a key adaptation that propelled angiosperm diversification. Although the variety of molecular SI mechanisms contradicts a monophyletic origin of all SI, at least one SI system does seem to be old and conserved. Igić and Kohn 2001 concludes that the GSI ribonuclease (S-RNase) system is ancestral to the asterids and rosids because of the close relationship between the S-alleles of relatives as distant as Solanaceae and Rosaceae. Although these complex SI systems arise only rarely, they must have appeared at least once in each family that evolved SI independently. Using population genetic models, Charlesworth 1988 and Uyenoyama 1991 show how SSI and GSI, respectively, could have evolved in self-compatible populations.
Charlesworth, Deborah. 1988. Evolution of homomorphic sporophytic self-incompatibility. Heredity 60:445-453.
Extant SI mechanisms require multiple S-alleles to function; therefore, it is a challenge to explain how the first S-alleles arose. This theoretical study gives a plausible explanation for how a rare mutation conferring SSI could have established in a self-compatible population based on selection for outcrossing. This is a good introduction to the case for dioecy being favored by selection for outcrossing. The authors' central point is that if either dioecy or self-incompatibility is sufficient to eliminate self-fertilization, selection against inbreeding should rarely lead to both. They argue that this is the observed pattern.
This follows Lloyd and Webb 1986. It mirrors their discussion of dichogamy in that article, but focuses here on herkogamy. The authors classify herkogamy based on the number of floral morphs and their distribution on different flowers or plants. This population genetic model of S-allele evolution predicts that balancing selection will favor rare alleles that allow compatibility with more mates. As new S-alleles arise, all extant S-alleles will equilibrate to equal frequencies. S-alleles provide one of the few clear examples of balancing selection in nature.
Outcrossing Rate
Although selfing is only one of several ways to inbreed, it is the one most often incorporated in population genetic models of plant mating system evolution. Therefore, the outcrossing rate is a convenient way to characterize real mating systems in light of theory. The outcrossing rate represents the proportion of ovules fertilized by non-self pollen. Theoretical models variously predict that the outcrossing rate will evolve toward extreme values or equilibrate at intermediate ones. Because biologists do not generally have access to complete pedigrees of natural populations, they must find methods to estimate population outcrossing rates through experiments or genetic data.
Estimation of Outcrossing Rate
As methodology has expanded, biologists have gained access to multiple means of estimating outcrossing rates of populations (see Fryxell 1957, cited under General Overviews) . The simplest method of estimating the outcrossing rate is to measure a convenient proxy that is predicted to evolve in a particular direction in response to selection for outcrossing or selfing, such as the ratio of pollen grains to ovules (Cruden 1977) . More direct methods infer the outcrossing rate from observed genotypes at marker loci (Clegg 1980). Gao, et al. 2007 develops a method for simultaneously estimating inbreeding and population subdivision. Once the outcrossing rate is known, it can be used to estimate other information. Ritland 1990 devises a method of estimating inbreeding depression from the selfing rate and the inbreeding coefficient (a measure of the probability of identity by descent of two homologous gene copies in a diploid). This review explains parameter estimation and hypothesis testing for the selfing rate under the mixed mating model, in which each ovule either is fertilized by pollen at random from the population or is fertilized by self-pollen with a constant probability. Cruden describes a purely phenotypic estimate of outcrossing. Predominantly outcrossing plants produce pollen grains far in excess of the number of ovules, which partly might be explained as compensation for pollen wastage. If self-pollination avoids pollen wastage (such as loss in transit), the advantage of great pollen production disappears in highly selfing populations. Consistent with this prediction, a low pollen-to-ovule ratio is associated with taxa presumed to be highly selfing based on morphological characters. The pattern is also consistent with decreased pollen competition among sires, although Cruden does not address this point. Both habitual inbreeding and division of a population into local subpopulations produce deviations of genotype frequencies from expectations under random mating. Other popular software estimates population subdivision by assuming mating is random within each subpopulation. The authors provide an alternative that relaxes this assumption and estimates subdivision and inbreeding within subpopulations as separate parameters. Ritland uses the key assumption that the inbreeding coefficient has reached equilibrium between generations to develop a method of estimating inbreeding depression using only the adult inbreeding coefficient and selfing rate for a single generation. The author applies this method to published data as an example.
Ritland
Distribution of Outcrossing Rates
A contentious question is whether the distribution of outcrossing rates among plant taxa is bimodal. Lande and Schemske 1985 (cited under Purging) predicts only two stable outcomes of mating system evolution: if a population is sufficiently inbred, it will purge its inbreeding depression and evolve toward complete selfing; if it is insufficiently inbred, it will evolve toward complete outcrossing. Schemske and Lande 1985 provide early empirical support for bimodality in an initial review of outcrossing rates. However, contrary interpretations quickly arose. Aide 1986 points out that if wind-pollinated and animal-pollinated taxa are examined separately, only the wind-pollinated taxa show bimodal outcrossing rates. Later reviews have found substantial numbers of populations with intermediate outcrossing rates, which some authors have interpreted as inconsistent with a hypothesis of alternative stable states (Goodwillie, et al. 2005) . Failure to detect bimodality might be caused partly by biased sampling. Igić and Kohn 2006 shows that the outcrossing rate literature reports a proportion of obligately outcrossing species smaller than the frequency of dioecious and self-incompatible species in community-level surveys. Although the extant distribution of outcrossing rates may seem to be a direct test of alternative stable states, a finer point is that this is only true if the extant distribution represents a static equilibrium. This critical response separates the data used in Schemske and Lande 1985 into wind-and animal-pollinated taxa. Aide finds that bimodality in wind-pollinated taxa is enough to drive the pattern, which is absent in animal-pollinated taxa considered separately. The authors of this literature survey argue that underrepresentation of obligate outcrossers in outcrossing rate studies might explain apparently unimodal distributions found in other reviews. If more self-incompatible taxa were included (see Outcrossing Mechanisms), bimodality might emerge. Lande and Schemske 1985 (cited under Purging) predicts a bimodal distribution of outcrossing rate as a result of purging of inbreeding depression. Published alongside that theoretical prediction, this literature review finds preliminary support for a bimodal distribution of highly selfing and highly outcrossing populations.
Genetic Diversity and Natural Selection in Selfing Populations
Selfing has several evolutionarily relevant population genetic consequences. Nonrandom sampling of gametes reduces genetic diversity and diminishes the effect of natural selection relative to stochastic genetic drift. Homozygosity reduces inter-chromosomal exchange of alleles, which prevents advantageous alleles from escaping mediocre genetic backgrounds and allows co-evolving natural enemies to adapt to common genotypes. Selfing also transmits the entire genome of a completely homozygous individual as a unit that lacks the competing evolutionary interests of two parents or of selfish genetic elements.
Allelic Diversity
Much of population genetic theory was formulated under the assumption of an ideal population of randomly mating hermaphrodites, but it can easily accommodate other populations with an appropriate transformation. The "effective population size" is the number of ideal randomly mating hermaphrodites that would evolve in the same way as the actual population is expected to evolve. Habitually inbreeding populations have smaller effective population sizes than equally large outcrossing populations. Gametes forming any given zygote are not drawn independently from the population gamete pool in habitually inbreeding populations. With fewer independent samples, neutral allelic variants are lost randomly by genetic drift more quickly, and thus there are fewer segregating alleles at any given time. Hamrick and Godt 1996 demonstrates this theoretical expectation in a review of predominantly selfing plant species. Because genetic loci share their evolutionary fate with loci in which they are in linkage disequilibrium, and because selfing slows the decay of linkage disequilibrium (see Consequences of Reduced Effective Recombination), selection can reduce diversity in wide swaths of the genomes of selfing populations. This process is called "linked selection." Barrett, et al. 2014 argues that linked selection is an important cause of the observed lower allelic diversity in predominantly selfing populations. Nordborg 2000 explains an alternative formulation for the expectation of reduced diversity using a coalescent framework. In addition to being directly caused by mating system, lower allelic diversity may also result from the kinds of historical circumstances to which selfing populations are prone. Schoen and Brown 1991 concludes from a review of allozyme data that selfing populations have lower average diversity, but also greater interpopulation variance in diversity than outcrossing populations. This pattern can be explained if the low-diversity selfing populations, not the high-diversity ones, have gone through recent colonization bottlenecks. Although selfing populations may have lower within-population diversity, they are expected to have greater among-population differentiation because the neutral alleles that fix by chance are different in each population. Glémin, et al. 2006 finds both of these patterns in a review of DNA sequence data. This review and simulation study covers the demographic conditions in which transitions to selfing occur and the limitations of inferring these historical conditions using genetic data. The authors argue that the non-independent sampling of gametes that occurs in selfing populations is alone insufficient to explain their low allelic diversity, and that linked selection must be largely responsible.
